Membrane proteins are molecular machines that transport ions, solutes, or information across the cell membrane. Electrophysiological techniques have unraveled many functional aspects of ion channels but suffer from the lack of structural sensitivity. Here, we present spectroelectrochemical data on vibrational changes of membrane proteins derived from a single monolayer. ion transfer ͉ membrane potential ͉ proton translocation ͉ vibrational spectroscopy ͉ sensory rhodopsin
T
he transport and receptor function of membrane proteins is triggered by various external stimuli, e.g., light (as in the photosystems and the rhodopsins), electrons (as in the respiratory-chain complexes), ligands (as in G protein-coupled receptors, the cys-loop superfamily, and ATP activated cationic channels), or a change in membrane potential (as in voltagegated ion channels). Because of their central role in cellular function, they are the target of 50% of all pharmaceutical drugs. Despite their biomedical relevance, molecular knowledge about the structure and function of these therapeutical targets is scant. The 3D structure of voltage-gated ion channels has been resolved in pioneering studies (1) . However, it was the emerging patch-clamp technique that contributed, before the crystallographic studies, to the understanding of the action dynamics of ion channels (2) . Although highly sensitive to electrical signals, patch clamp suffers from structural insensitivity and is, thus, unable to reveal mechanistic details on the atomic level. In contrast, IR spectroscopy is capable of discerning the structural changes associated with ion transfer (3) . By recording differences between reaction states of the protein (4), alterations as minute as protonation reactions and modulations in H-bonding of single amino acid side chains or water molecules (5) are detected with time resolution as high as a few nanoseconds (6) .
Usually, stacks of membrane proteins have been necessary to achieve sufficient absorbance from Ͼ200 layers under attenuated total reflection conditions (7) (ATR, Fig. 1A) , hindering IR spectroscopic studies that target the functionality of electron-or potential-triggered proteins. These obstacles were overcome by surface-enhanced IR spectroscopy (SEIRA) (Fig. 1 A) where the presence of a rough surface of coinage metals leads to the 10-to 100-fold intensity enhancement of the vibrational bands of surface-adhered molecules (8) .
The immobilization of proteins on the solid surface is achieved by a variety of different methodologies that exploit covalent or noncovalent interaction of the molecule with the surface (9) . Proteins can be tethered chemoselectively via a genetically engineered His-tag to the Ni-NTA modified gold surface (10, 11) . The use of affinity tags yields orientated protein molecules along the solid surface. Importantly, surface-adhered membrane proteins are reconstituted directly at the surface into a lipid bilayer by detergent removal (12, 13) . The high surface sensitivity renders SEIRAS an exquisite method for studies of monolayers of surface-attached proteins. In combination with electrochemical methods, we have investigated proteins that participate in cellular redox chemistry. Structural changes of the protein induced by electron transfer from the solid electrode have been resolved on the level of single bonds (14, 15) .
In this work, we have studied the influence of the electrical field on the reaction mechanism of sensory rhodopsin II (SRII) (16) . SR II is the primary light sensor for the photophobic response of halobacteria (17) . It is a member of the growing family of microbial rhodopsins that act as light-driven pumps, sensors, and channels (18) . Some of these properties have recently been exploited in neurophysiological experiments to rapidly activate or silence neural circuits with light (19) . The polypeptide of SR II folds into the membrane in the form of seven ␣-helices and harbors all-trans retinal as a chromophore that is covalently bound via a Schiff base linkage to a lysine residue of the apo-protein. The crystal structure of this membrane protein has been solved (20, 21) with the help of cubic phase crystallization (22) , even in complex to its cognate transducer (23, 24) . The high-resolution structure sets the basis for studies on the reaction mechanism.
In every living cell, ion pumps, channels, and transporters create and employ the energy of the membrane potential. It is evident that membrane proteins are influenced by the ubiquitous potential difference across the cellular membrane in which they are embedded. Yet, it was impossible to elaborate the impact of the membrane potential on the functionality of a membrane protein, in general, and on specific steps of the reaction mechanism, in particular, because of experimental difficulties. We show here that SEIRAS provides the sensitivity to resolve the impact of the electrical field across the SR II monolayer on the level of atoms and bonds. Evidence is provided for the selective halt of proton transfer from the retinal Schiff base to the aspartic proton acceptor at potentials ϽϪ0.3 V. Alterations in the orientation of bonds that are associated with dipole moment changes perpendicular to the membrane surface are determined with acute sensitivity by surface-enhanced IR difference absorption spectroscopy (SEIDAS). Finally, our study demonstrates the generic character of SEIDAS as a methodology to be readily applicable to membrane proteins whose function is triggered by the membrane potential, like, e.g., that of voltage-gated ion channels.
Results and Discussion SEIDAS on Sensory Rhodopsin II. Recombinant sensory rhodopsin II (25, 26) was specifically adhered via the C-terminal His-tag to the Ni-NTA modified gold surface. The latter was created a top the Si hemiprism used for internal reflection spectroscopy. The surface plasmon polariton generated at the rough gold surface (Fig. 1B) penetrates into the adjacent medium with a decay length of Ϸ8 nm sampling only those molecules that are within this short distance from the solid surface (8) . Excitation of the surface plasmon by IR radiation leads to the enhancement of the vibrational bands from those chemical bonds whose orientation is perpendicular to the gold surface. Because of this surface selection rule, the SEIRA spectrum of SR II exhibits a strong amide I and a weak amide II band (Fig. 1C Right) as a consequence of the predominant perpendicular orientation of the transmembrane helices relative to the gold surface: The amide I mode of the ␣-helix is parallel to and the amide II mode is perpendicular to the helix axis and, thus, to the membrane normal ( Fig. 1D ). In contrast, the conventional ATR/FT-IR absorbance spectrum ( Although the SEIDA spectrum is recorded from a single monolayer, the surface enhancement allows its detection with good signal-to-noise ratio. The SEIDA spectrum bears great similarity to the ATR difference spectrum recorded with polarized IR radiation when only those vibrations are monitored with dipole moment parallel to the membrane normal (z component, red trace). The comparison demonstrates that the selection rule of surface-enhanced vibrational spectroscopy also holds for difference spectra. The most prominent difference bands of the SEIDA spectrum are categorized into bands of the cofactor retinal (1,500-1,600 cm Ϫ1 ), amide I bands of the peptide bonds (1,620-1,680 cm Ϫ1 ) that indicate structural changes of the protein backbone and bands of carboxylic acids and amide side chains (1,690-1,770 cm Ϫ1 ). Specifically, the CAC stretching vibration of retinal absorbs at 1544 cm Ϫ1 (Ϫ) in ground-state SR II. The large angle of 60°with respect to the membrane normal renders the intensity of this band small. The negative band indicates deprotonation of the Schiff base (CAN-H in Fig. 2C ) as a consequence of the trans to cis isomerization of retinal. The released proton is transferred to the acceptor D75 as deduced from the appearance of the CAO stretching vibration at 1,764 cm Ϫ1 reflecting the protonation of the carboxylate (27) . The angle of the CAO bond of D75 to the membrane normal is determined to 49°(see Materials and Methods). By comparison with the 3D structure of the M state of SR II (24), we are able to univocally assign the band to the CAO ␦1 bond of the terminal carboxylic acid group of D75. Consequently, the Schiff base proton is transferred to the O ␦2 of the carboxylate. The charge redistribution within the protein is accompanied by structural changes of the protein backbone reflected by amide I difference bands at 1,620 (ϩ), 1,632 (Ϫ), 1,645 (ϩ), 1,656 (ϩ), and 1,664 cm Ϫ1 (Ϫ). The surface selection rule magnifies the amide I changes because the structural changes occur in the helices that are oriented mostly parallel to the membrane normal.
Light-induced SEIDA spectroscopy was also conducted on SR II from Halobacterium salinarum (H. s.) to gauge the functional changes of the closely related protein. Indeed, H. s. SR II shows qualitatively similar vibrational features (blue trace in Fig. 2 A) like the transient protonation of D73 (homologous residue to D75 of N. p. SRII). However, a very different signature is apparent in the amide I range. This observation reveals structural changes in H. s. SR II clearly distinct from those in the N. p. receptor (26) . The absence of a negative band at 1,544 cm
Ϫ1
indicates that the dipole moment of the CAC stretch of retinal is close to parallel to the solid surface. Again, the light-induced SEIDA spectrum of H. s SR II is identical to the z-polarized ATR difference spectrum (data not shown).
Impact of the Applied Electric Field. Most, if not all, biophysical techniques that are able to resolve structural changes on the atomic level, do not account for the membrane potential that is ubiquitous to living cells. With the gold substrate used for surface enhancement serving as the working electrode, lightinduced SEIDA spectra have been recorded under different potentials versus the counter and reference electrodes (Fig. 3) . Setting out from the open circuit potential (corresponding to 0.2 V, black trace) to more positive voltages, the light-induced SEIDA spectrum of SR II from N. p. is invariant toward the applied field.** In contrast, the decrease in potential gradually reduces the intensity of the band at 1,764 cm Ϫ1 until it almost completely disappears at a voltage of Ϫ0.3 V. The band at 1,764 cm Ϫ1 corresponds to the CAO stretching vibration (vide supra) and indicates proton transfer to D75, which is evidently blocked at the potential of Ϫ0.3 V. We conclude from this observation that the height of the energy barrier of the proton transfer reaction from the retinal Schiff base to D75 is increased at negative potentials. Evidently, the energy deposited in the retinal after light excitation is not sufficient to overcome the barrier raised by the voltage of Ϫ0.3 V. Thus, proton transfer to D75 cannot take place. This spectroscopic finding provides the molecular basis for the electrophysiological observation that the light-induced current is reduced with hyperpolarization (28). The voltage-dependent inhibition of the proton transfer is corroborated by experiments on SR II from H. s. (Fig. 4) but with the inhibition at somewhat less negative voltage as compared to SR II from N. p. Thus, we infer that the dependence of the functionality of SR II on the membrane potential varies among proteins of different origin.
The selective halt of proton transfer might be interpreted in terms of a field-induced shift in pK a of the proton accepting D75 that achieves protonation of this residue even in the resting dark **The spectral broadening of the band at 1764 cm Ϫ1 at high voltages is related to the influence of the electric field on the hydrogen-bonded network interacting with the CAO stretching vibration of D75. (Fig. 3) . However, as manifested by the decreasing amplitude of the Asp-73 protonation band at 1,764 cm Ϫ1 , the halt occurs already at 0 V, indicating a species-dependent alteration of the energetics of this ion-transfer reaction. Experimental conditions are identical to the experiments on SR II from N. p., but spectra were recorded across a narrower voltage range (Fig. 3) .
state (29) . However, such a protonation would lead to a substantial frequency shift of the ethylenic stretch of retinal at 1,544 cm Ϫ1 , which is not observed in our experiments. Thus, the electrical potential does not affect the protonation equilibrium of the acceptor group in the resting state but the light-dependent proton-transfer reaction itself. At negative potentials, the Schiff base proton dissociates and is driven by the electrical potential toward the cytoplasmic side, i.e., opposite to the physiological direction (Fig. 3B) . However, vibrational bands of protonaccepting groups other than D75 could not be identified at the present signal-to-noise ratio of the SEIDA spectra. Alternatively, proton dissociation may be inhibited, keeping the Schiff base protonated in the photoactivated state. In this case, a positive contribution of retinal's ethylenic mode is expected, which might be contained in a shoulder at Ϸ1,570 cm Ϫ1 , indicating an N-type intermediate. Potential-dependent accumulation of a red-shifted (O-type) intermediate can be excluded by the absence of a band at 1,538 cm Ϫ1 (30) . In summary, the vibrational spectra are distinct markers for the molecular perturbation exerted by the electrical potential on the reaction mechanism of a transmembrane protein. The structural changes of the protein backbone as monitored by vibrational bands in the amide I region, are hardly affected by the applied potential. Consequently, the neutralization of charges by proton transfer from the Schiff base to D75 are not the cause for the structural changes in the helical protein backbone. This result agrees with experiments in which the D75N mutation leads to a photoreceptor that exhibits photoinduced changes in the amide I modes (31) and which is active in signal transfer to the cognate HtrII transducer (32) . Thus, we conclude that it is the transient proton transfer from the retinal Schiff base to D75 that is sensitive to the electrical potential rather than the pH-dependent equilibrium of a protonatable residue (29) .
Conclusions
The presented SEIDA data complement those derived from surface-enhanced resonance Raman spectroscopy (SERRS) that reveal distinct structural changes of the retinal cofactor dependent on the applied potential (33) . Thus, spectroscopic methods that combine structural and electrochemical sensitivity are highly relevant and form the basis of the biophysical scrutiny of the physiological function of membrane proteins and its regulation by the membrane potential. Electrochemical triggering via a solid electrode also opens an avenue to investigations of electron-driven systems, such as the membrane protein (super-) complexes of the respiratory chain and the photosynthetic apparatus, because electrons can be directly injected from the electrode into the protein. Of equal biomedical relevance are voltage-gated ion channels whose functional mechanism can be addressed on the level of individual vibrations by SEIDA spectroscopy under voltage-clamp conditions. The reaction dynamics will ultimately be provided by time-resolved SEIDA spectroscopy, performed by integrating the step-scan technique (3, 6) with SEIDA. In fact, we recently succeeded in monitoring structural changes associated with electron injection into a monolayer of cytochrome c with a time resolution of 65 s (K.A. and J.H., unpublished work). As the methodology is readily applicable to membrane proteins, SEIDA is poised to reveal mechanistic insights into this important class of proteins to follow ion translocation with high spatiotemporal resolution.
Materials and Methods
The rough gold surface used for SEIRA spectroscopy was modified by nickel chelating nitrilo-triacetic acid (Ni-NTA) according to published procedures (12, 14, 34) . Each modification step was followed in situ by SEIRAS. His-tagged sensory rhodopsin II (SR II) from N. p. and from H. s. were expressed and purified as described (25, 26) . Binding of SR II via the C-terminal His-tag to the Ni-NTA modified gold surface was carried out by incubating a 6 M solution of protein in 0.05% (wt/vol) n-dodecyl-␤-D-maltopyranoside (DDM) (pH 5.8, 20°C, 4 M NaCl, 50 mM phosphate buffer, in the case of SRII from H. s.) or a 4.0 M solution of protein in 0.02% DDM (pH 8.0, 20°C, 0.5M NaCl, 10 mM bis-Tris-propane buffer, in the case of SRII from N. p.) atop the Ni-NTA modified gold surface. Reconstitution of the membrane protein in the lipid bilayer by detergent removal (12) and the parallel addition of polar lipids from the purple membrane of H. s. (35) or phosphatidylcholine from egg yolk (Sigma) at a protein/lipid ratio of 1:20 stabilized the protein to achieve a good signal-to-noise ratio in the IR difference spectra by extensive signal averaging (vide infra). Saturation of protein binding to the modified surface occurred within Ϸ1.5 h. For light-induced IR difference spectroscopy, the protein was excited through a fiber optic by light from a 150 W tungsten lamp filtered by a narrow band filter (480 -505 nm) in the case of SRII from N. p. or by a light-emitting diode (LED; Luxeon Star) with the emission maximum at 497 nm (23 nm FWHM) and an intensity of 10 mW/cm 2 in the case of SRII from H. s.
IR spectra were recorded in Freiburg on an IFS 28 or in Bielefeld on an IFS 66v/S spectrometer (Bruker). SEIRA spectroscopy was conducted with homebuilt single reflection units using hemicylindrical Si internal reflection elements (12, 14, 15 ). To achieve a noise level that allows for the detection of absorbance bands as weak as 10 Ϫ6 , typically 1,024 scans were coadded at a spectral resolution of 4 cm Ϫ1 and Ϸ70 of such spectra were averaged. Attenuated total reflection IR spectroscopy of the membrane protein immersed in 4 M NaCl was performed with a microATR accessory (Resultec) that uses a diamond reflection element with six effective reflections (7) . Polarized ATR spectra were recorded by using a custom-made ATR unit with a Ge internal reflection element with seven effective reflections and KRS-5 12.000 grid polarizers (Graseby Specac). Light-induced ATR difference spectra were recorded with polarizer settings parallel and perpendicular to the plane of incidence from hydrated films of SR II reconstituted into purple membrane lipids at a 1:30 molar ratio. These spectra were converted into their z-and x,y-components polarized perpendicular and parallel, respectively, to the surface of the internal reflection element by using the Harrick thick-film formalism (35) , which was warranted by the film conditions.
Voltages across the surface-adhered protein monolayer were applied between the gold surface and a platinum mesh. The potential reference was a Ag/AgCl electrode which finally established the three-electrode system running in the potentiostatic mode (12, 14) . Voltages given are versus the normal hydrogen electrode (⌬ENHE ϭ ⌬EAg/AgCl ϩ0.2 V). It is noted that the given voltages are those applied to the electrodes. The resulting electric field strength that drops off the membrane cannot be quantitatively assessed because of the unknown dielectric properties of the solid-supported membrane. Yet, we assume that the potential drop is across the Stern layer where the solid-supported membrane is located.
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